DNA nanoconstructs are a potential drug carrier with high biocompatibility. They are promising particularly when therapeutic nucleic acids are the cargos to be delivered, since both the carrier and the cargo are nucleic acids which can be designed, synthesized and assembled in a seamless feature without using post-synthetic conjugation chemistry. However, the unwanted base-paring events between the cargo and the carrier may potentially disturb the desired structure of the cargo-loaded carrier. To address this concern, we propose a DNA nanocarrier composed of L-DNA strands having a bioorthogonal baseparing system. The study presented here provides useful properties of L-DNA as a backbone for the DNA nanocarrier and demonstrates superiority of L-DNA over the natural D-DNA backbone in the delivery of an anti-proliferative aptamer as well as in the construction of the cargo-carrier assembly.
DNA nanocarriers are an emerging class in drug delivery technologies.
1,2 Unlike most of polymer-based carriers, they are fully biodegradable into non-toxic small nucleotides and easily controllable in size and shape at a tailor-made level. 3 They are oen internalized in mammalian cells in the absence of any transfection agent. 4, 5 These properties are valuable when they are employed in biomedical applications. Recently, DNA nanocarriers have been utilized in intracellular delivery of bioactive molecules such as anticancer drugs, 1,2 aptamers, 6 antisenses, 7 immunogenic molecules, [8] [9] [10] and siRNA. 11, 12 DNA nanocarriers are particularly useful in delivery of nucleic acid cargos, since the vehicle and the cargo are the same nucleic acids and can thus be designed and prepared in an integrated feature without any additional conjugation chemistry. For the successful assembly of a cargo-loaded carrier, however, the sequences of the carrier and the cargo should be carefully designed and selected since not only the DNA nanocarrier but the oligonucleotide-based cargo also employs the A-T and G-C base-paring patterns for construction of active motifs, which has a potential to disturb the self-assembly of the DNA nanocarrier. The probability of undesired assembly resulting from this interference would increase when more than one kind of nucleic acid-based cargos are attached to the carrier. In order to address this issue and to freely choose cargo molecules regardless of the sequence of nanocarriers, the carriers are required to have a base-paring system that is orthogonal to the natural base-pairing system. In addition, the orthogonal baseparing system having thermodynamic properties identical to the natural system would be preferred for forming the consistent DNA nanostructure even aer replacing the backbone of the carriers with the orthogonal system.
Although several modied nucleic acids have been reported to have the orthogonal base-paring property up to now, few cases show similar thermodynamic stability as that of natural DNA.
13-16 L-DNA, the mirror form of natural D-DNA has thermodynamically identical properties in hybridization (Fig. 1a) .
17-19
Therefore, if L-DNA instead of D-DNA is employed as a backbone for the assembly of the nanocarriers, any natural nucleic acidbased cargo could be used without concerns about interference from undesired hybridization between the cargo sequence and the carrier sequence. To test this concept in this study, we prepared L-DNA tetrahedron (L-Td) in which a therapeutic, antiproliferative aptamer is dangled at vertices of the tetrahedron. We analysed the biophysical properties of this L-Td-based multivalent aptamer and evaluated its anti-proliferative potency in cancer cells in comparison with the D-Td-based one.
The DNA oligonucleotides required for the construction of Tds were synthesized by using the standard protocols in a DNA synthesizer. The base sequences of DNA strands were adopted from Tubereld's Td (ESI, Table S1 †). 20 The Td assembly without aptamer attachment was performed by following the previously reported procedure. 20 The construction of self-assembled D-and L-Td was veried on 6% non-denaturing polyacrylamide gel electrophoresis (PAGE) (Fig. 1b) Fig. S1 †) . When CD spectra of Tds were measured, a typical prole for a right-handed DNA helix was observed from D-Td presenting a negative peak around 254 nm and a positive peak around 270 nm, whereas the symmetrical mirror spectrum was observed from L-Td, indicating that L-Td was formed with the le-handed helical property as expected (Fig. 1d) . It has been reported that D-Td could be internalized into mammalian cells via endocytosis. 1, 4 In order to investigate the inuence of the backbone on this cellular uptake property of Td, cellular uptake efficiency of L-Td was also examined and compared with that of D-Td. Aer incubation of uorescein-labelled Tds either with cancer cells (HeLa) or with normal cells (NIH-3T3) in the absence of any transfection reagent, uores-cence microscopic images were obtained. Fluorescence intensity in the cells treated with L-Td was comparable to that observed with D-Td, which suggests that L-Td could be delivered as efficiently as D-Td (Fig. 2a) . Quantitative analysis based on ow cytometry showed that intracellular delivery of L-Td was about 2.5-fold higher in the cancer cell line and 3-fold higher in the normal cell line than the internalization of D-Td, respectively (Fig. 2b) . Previously, we have reported that non-clathrinmediated endocytosis mechanisms were involved with the uptake of D-Td.
1 A test using three endocytosis inhibitors to verify the delivery mechanism for L-Td revealed that the enhanced uptake of L-Td compared to D-Td was achieved through mechanisms including not only non-clathrin-mediated but also clathrin-mediated endocytosis (Fig. 2c) . According to the microscopic data obtained with staining reagents for lysosome, mitochondria and nucleus (ESI, Fig. S2a-c †) , the DNA tetrahedron is found in cytoplasm containing lysosome and mitochondria, but not in the nucleus. In addition, the cell fate was not signicantly affected by the delivery of the DNA constructs, shown by cell cycle analysis (ESI, Fig. S2d †) .
The effect of the mirror backbone on nuclease resistance was also examined in 10% mouse serum. In contrast to D-Td which could hardly survive aer 10 h exposure to the serum solution, L-Td was conserved without degradation by nucleases under the same condition, showing invulnerability against the enzymes in serum for several hours (ESI, Fig. S3 †) . Increased nuclease resistance gained with the Td assembly seemed to be additionally improved due to the unnatural sugar backbone in L-Td. 17 This long term serum stability of the L-DNA backbone would potentially be advantageous when it is used as a carrier in intravenous delivery for in vivo applications. When the intracellular stability of the DNA constructs was examined by measuring FRET efficiency of dually labelled DNA Tds in cells (ESI, Fig. S4 †) , L-Td was far more stable than D-Td, as expected from the serum stability.
Aer observing useful properties of L-Td as a delivery carrier in comparison with D-Td such as enhanced cellular uptake and higher serum stability, we attempted to assemble aptamerattached Tds by adopting the DNA strands containing the sequence of an anti-proliferative aptamer, AS1411 at one end ( Fig. 3a and ESI, Table S1 †). 21 Based on the same manner used for construction of D-and L-Td, preparation of DNA tetrahedra containing one to three aptamers were pursued. According to the gel electrophoresis analysis, various bands including nonspecically assembled structures were observed with the D-Td backbone (Ap1-D-Td, Ap2-D-Td and Ap3-D-Td), suggesting that the D-Td construct was not created properly with the aptamerlabeled DNA strands (Fig. 3b, le) . Aptamer constructs with L-DNA strands (Ap1-L-Td, Ap2-L-Td and Ap3-L-Td), however, led to clear bands with retarded mobility compared to the band of L-Td itself, implying that the self-assembled Td structures were maintained even with the dangling aptamers (Fig. 3b, right) . In addition, D-DNA strands without the aptamer moiety failed to make the self-assembled nanoconstruct exclusively just in the presence of free 24-mer aptamer strands, which did not affect the formation of L-Td (ESI, Fig. S5 †) . These results demonstrate that the unsuccessful assembly of Ap-D-Tds resulted from the undesired base-pairing between the aptamer moiety and the sequence required for the tetrahedron structure. They also implicated that the cross-interaction based on partial base complementarity between the aptamer and the D-Td skeleton do not exist in the L-Td case, because of the backbone orthogonality. In contrast to the size similarity between D-Td and L-Td, the sizes of Ap3-D-Td (10.9 AE 0.44 nm) and Ap3-L-Td (8.93 AE 0.21 nm) were different from each other in DLS measurement (ESI, Fig. S6 †) . The size increase in Ap3-D-Td might be due to the failure to construct compactly self-assembled structures, consistent with the gel analysis data.
To investigate whether organization of the aptamers on Tds inuences on the cellular uptake of the DNA nanoconstructs, microscopic images and ow cytometric data of both cancer cells and normal cells were acquired aer treatment of the cells with the aptamer-attached Tds. Ap3-L-Td possessing well-organized multivalent aptamers provided higher uptake signals than Ap3-D-Td ( Fig. 3c and d) . The difference in the uptake efficiency between the L-and the D-based constructs was greater in the cancer cell line. This is likely due to the multivalent interaction between aptamers on L-Td and nucleolin, the target protein expressed on the surface of malignant cells. 21 The Td construct also apparently contributed to the cellular uptake since the free aptamer was less delivered into cells than the single aptamer-labelled Tds (Ap1-L-Td, Fig. 3d ). The analysis by ow cytometry exhibited that the delivery efficiency was improved in proportion to the number of aptamers on L-Td. In contrast, the efficiency was not considerably affected by the number of aptamers on D-Td.
Finally, the anti-proliferative effect by the multivalent aptamers on L-Td was examined by using a cell viability assay. Although all the aptamer-loaded Tds displayed dose-dependent toxicity in the cancer cell line at a certain level, the potency varied depending on the number of aptamers on Td and the backbone type of the DNA nanocarriers. Potency of Ap-L-Tds was higher than that of Ap-D-Tds in general and increased with the number of aptamers attached. Ap3-L-Td showed the highest potency leading to about 50% of HeLa cells remaining viable aer treatment only with 500 nM of the trivalent aptamer on L-Td (red diamonds in Fig. 4a) . However, more than 95% of the cells survived at the same concentration of the free AS1411 aptamer which has its EC 50 value approximately at 30 mM (ESI, Fig. S7 †) , demonstrating that higher potency of Ap3-L-Td was obtained from higher uptake of aptamers based on the multivalent effect. Well-organized display of multivalent aptamers was important in delivery of aptamers and the subsequent downstream efficacy in cells, since irregularly arranged aptamers in Ap-D-Tds were not as potent as those in Ap-L-Tds (blue diamonds vs. red diamonds in Fig. 4a) . Besides of known stability of the AS1411 aptamer in serum, 21 enhanced serum stability and intracellular stability of L-Td also possibly contributed to the high potency of Ap-L-Tds. The moderately improved potency of Ap3-D-Td compared to that of Ap1-D-Td and Ap2-D-Td might be attributed to the higher aptamer portion in the construct (blue diamonds vs. blue squares and triangles in Fig. 4a ). When incubated with the normal cells, all Tds exhibited signicantly decreased cytotoxicity. Interestingly, Ap3-D-Td was slightly more cytotoxic than Ap3-L-Td in the normal cells (blue diamonds vs. red diamonds in Fig. 4b ). This might be due to unexpected off-target effects in cells raised by its misassembled structures. In comparison with the free aptamer, single aptamer-attached Tds provided higher cytotoxicity in the cancer cells, which is due to the uptake efficiency boosted by Td (squares vs. stars). Td itself with either D-or L-backbone, however, did not inuence on cell viability, proving that the DNA nanoconstructs themselves are non-cytotoxic (circles in Fig. 4) . Thus, the cytotoxicity of aptamer-loaded Tds resulted solely from the aptamer moiety.
To minimize the effect from the misassembled structures, we attempted purication of Ap3-D-Td by extracting the correctly assembled band in PAGE. As shown in the PAGE analysis of the extract portion (ESI, Fig. S8a †) , we found that a small portion of undesired structures was again formed, although the portion of Ap3-D-Td increased compared to the state before purication. This might be due to dynamic equilibrium between Ap3-D-Td and other misassembled constructs under the conditions we employed. Purication of Ap3-D-Td led to improved intracellular delivery of the construct as shown by the analysis using a ow cytometer (ESI, Fig. S8b †) ; the uptake efficiency of the rened sample was higher than that of unpuried mixture. Compared with the mixture state, the rened portion showed higher cytotoxicity against the cancer cell line and similar cytotoxicity against the normal cell line, respectively (ESI, Fig. S8c †) . When compared with L-Td constructs, the rened Ap3-Td still showed lower uptake in both normal and cancer cells (ESI, Fig. S8b †) .
In conclusion, we have newly prepared a DNA tetrahedron based on L-sugar backbone. Compared with the natural D-sugarbased one, L-Td could be more easily delivered without using any transfection agent and showed higher nuclease resistance in serum. Utilizing the base-paring orthogonality between D-DNA and L-DNA, we could successfully assemble aptamerloaded L-Tds whereas we failed to construct well-dened aptamer-attached D-Tds due to the cross-interaction between the bases in aptamer and those in D-Td. Compared with the free aptamer, the multivalent aptamers arranged on L-Td were found to show a 60-fold increase in potent cytotoxicity only against cancer cells, possibly because of enhanced uptake specically into cancer cells, which display the target protein of the aptamer on the cell surface. In addition, proper arrangement of multivalent aptamers also contributed to their targeted potency, maximizing desired cytotoxicity in cancer cells and minimizing undesired cytotoxicity in normal cells. Although DNA tetrahedra have been proved to be useful drug carriers with excellent biocompatibility and low cytotoxicity in previous studies, we have demonstrated that nucleotide-based cargos have a potential to disturb the self-assembly of DNA nanoconstructs in this study. Therefore, our strategy employing L-DNA-based nanocarriers for delivery of therapeutic nucleic acids without altering thermodynamic properties of the assembly would be a promising solution to circumvent the problematic situation stemming from the disruption of desired base-pairing. 
